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Table 1.2 Ti:Sa .
APRI/GIST 30 TW 27 fs
KAIST 1.1 PW 30 fs
TIFR 20 TW 30 fs
RRCAT 150 TW 30 fs
SIOM 850 TW 30 fs
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NCU 100 TW 30 fs
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30 fs 30 fs 35 fs
40 TW 150 TW 4.5 TW
10 Hz 1 shot/30 10 Hz
(1012) (1012) (2 m x3 m)
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CCD(Andor DX420-BN) 41, 42
a θ b
a = R cos(90 − θ) = R sin θ (3.6)
b = R cos(90− θ)/ cos(180 − 2θ) = −R sin θ/ cos(2θ) (3.7)
∆λ λ/∆λ ∼ 7000 2 - 6 keV X
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+2.2 mm 2.6 MPa, 40 fs, 1
J (2× 1017 W/cm2 Fig.
4.14 λ2 = 2d sin θ/2 λ3 = 2d sin θ/3
X 47 Ne Kr+26
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Table 4.1 Ne .
(A˚) 4.81 4.95 4.98 5.28 5.41 5.54 7.27 7.50
5d-2p 4p-2s 5s-2p 4d-2p 4s-2p 4s-2p 3s-2p 3s-2p
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Fig. 5.1 Three stage
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(5.1)
δG
R
Rcri
16piα3/(3ns2∆µ2)
Fig. 5.3 .
δG(R) = −4 · π
3
R3 · ns ·∆µ+ 4π ·R2 · α (5.1)
R , ns , ∆µ , α
40
δG(R) (R3)
(R2)
(5.1) Rcri
Rcri =
2 · α
ns ·∆µ (5.2)
S T , kB
∆µ = −kBT lnS (5.3)
(5.1) (5.2)
δG(R = Rcri) =
16π
3
α3
(nskBT lnS)2
(5.4)
Classical Nucleation Theory, CNT) (Appendix. F )
N n(N) 49
∂
∂t
n(N) = n(N − 1) ·R+(N − 1)− n(N) ·R+(N)− n(N) ·R−(N) + n(N + 1) ·R−(N + 1) (5.5)
R+(N) N N + 1
R−(N) N N − 1
Js (5.4) Js
α3
Js ∼ n(1)R+(Nc)
√
−δG
(2)(Nc)
2πkBT
exp
[
−δG(Nc)
kBT
]
(5.6)
Nc
48
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5.4
K X K
1
X
(∼ 10 nm) X
Three stage 6 MPa
X 50 Ar Rcl
Ar K X Fig. 5.4 3 × 1018
W/cm2, 30 fs Ar K X
X
Three stage X
Distance from nozzle center (mm)
µ
Fig. 5.4 X Ar .48, 50
Ar K X
4 - 5 MPa 5 → 6 MPa 0.09 → 0.76 µm
Ar K X 4 MPa 5
MPa Ar K X Ar K X
4 MPa 5
MPa K X
Three stage
5.3
42
( (5.6) ) Hagena Equation(
(6.20)) Hagena Table 5.1 51 S
α Nc
δG Js T = 40 K
Nc δG Js
S = 102 α 0.0250 N/m 0.0174 N/m 30%
Js 7.0× 10−23 m−3 s−1 3.7× 1011 m−3 s−1 34
Table 5.1 (Hagena 51 ).
S 102 103 104 102 103 104 102 103 104
α (N/m) Nc δG/(kBT ) Js (m
−3 s−1)
0.0250 51 15 6 117 52 29 7.0× 10−23 1.5× 108 1.2× 1020
0.0200 26 7 3 60 27 15 4.8× 102 1.6× 1019 1.9× 1026
0.0174 17 5 2 40 18 10 3.7× 1011 1.3× 1023 2.9× 1028
52
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5.5
λ D 53
θ
Fig. 5.5 .
α ≡ πD
λ
(5.7)
α ≫ 1 :
α ; 1 : Mie
α ≤ 1 : Rayleigh
532 nm YAG 2 1 µm
Rayleigh Mie
Rayleigh θ I(θ)
I(θ)/I0 =

 π
4D6/(4r2λ4)× (m2 − 1)/(m2 + 1)
π4D6/(4r2λ4)× (m2 − 1)/(m2 + 1) · cos2 θ
(5.8)
I0 r m
D 6
Mie θ I(θ)
I(θ)/I0 =

 λ
2/(4π2r2) · i1(θ,m,α)
λ2/(4π2r2) · i2(θ,m,α)
(5.9)
i1(θ,m,α) =
∣∣∣ ∞∑
ν=1
2ν + 1
ν(ν + 1)
[aν · Πν(cos θ) + bν · τν(cos θ)]
∣∣∣2 (5.10)
44
i2(θ,m,α) =
∣∣∣ ∞∑
ν=1
2ν + 1
ν(ν + 1)
[bν · Πν(cos θ) + aν · τν(cos θ)]
∣∣∣2 (5.11)
Πν ,τν Pν
1
Πν(cos θ) =
Pν
1(cos θ)
sin θ
(5.12)
τν(cos θ) =
dPν
1(cos θ)
dθ
(5.13)
aν , bν 1 φν ξν
ξν = φν + i · ξν
aν(α,m) =
φ
′
ν(mα) · φν(α)−m · φν(mα) · φ
′
ν(α)
φ′ν(mα) · ξν(α)−m · φν(mα) · ξ′ν(α)
(5.14)
bν(α,m) =
m · φ′ν(mα) · φν(α)− φν(mα) · φ
′
ν(α)
m · φ′ν(mα) · ξν(α)− φν(mα) · ξ′ν(α)
(5.15)
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Fig. 5.6 Rayleigh .
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Fig. 5.7 Mie .
1 2 jν , nν 1 2
Jν+1/2, Nν+1/2
φν(α) = α · jν(α) =
√
πα
2
· Jν+1/2(α) (5.16)
ξν(α) = −α · nν(α) = −
√
πα
2
·Nν+1/2(α) (5.17)
Fig. 5.6 Rayleigh
1 6 Mie Fig. 5.7
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f(N) (N : )54
f(N) =
1√
2πσN
· exp
[
−(lnN − µ)
2
2σ2
]
(5.18)
µ = lnN σ
Rayleigh
6
46
5.6
Fig. 5.8 YAG
(532 nm) 1064 nm
Θ
Fig. 5.8 .
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5.7
8
n2 − 1
n2 + 2
=
Nα
3ǫ0
(5.19)
N : α: ǫ0:
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Fig. 5.9 Xe 2.0 MPa.
0
1 104
2 104
3 104
0 20 40 60 80 100 120
In
te
n
sit
y 
(ar
b.
)
Angle (deg.)
Xe radius:0.6 µm + 0.18 µm
Rayleig Scattering 
 (R<<0.532 µm)
Fig. 5.10 Xe 4.0 MPa.
Lorentz-Lorenz 55 Xe n0 = 1.00070665 for 532 nm Xe
n = 1.35 2× 104 mbar 4× 104 mbar
Fig. 5.9, Fig. 5.10 fitting
2× 104 mbar Rayleigh
4× 104 mbar
Mie Fitting Curve
48
Table 5.2 .
2× 104 (mbar) 4× 104 (mbar)
( )48 0.37 µm 0.04 µm
( ) 0.09 µm 0.6 + 0.18 µm
X
Rayleigh 6
48
, (5.8)
X
Rayleigh
49
5.8
• Three stage 0.5 µm 2.0 µm 75 mm
•
•
δG δG 3
• Three stage Ar Ar K X
Ar K X
•
Hagena %
1033
•
Rayleigh
Mie
• YAG
• 2 × 104 mbar 0.09 µm 4 × 104 mbar
0.6 µm 0.18 µm Xe 2× 104
mbar 0.37 µm 4× 104 mbar 0.04 µm
50
6 X
Three stage 100 nm
X
X
6.1
Fig. 6.1 Laval nozzle.
Laval
x 1
56
dp
p
=
dρ
ρ
+
dT
T
(6.1)
dρ
ρ
+
du
u
+
dA
A
= 0 (6.2)
udu+
dp
ρ
= 0 (6.3)
dp
p
− γ dρ
ρ
= 0 (6.4)
51
p , ρ , T , u , γ , A = A(x)
a ≡
√
dp/dρ (6.3)
udu = −dp
ρ
= −dp
dρ
dρ
ρ
= −a2dρ
ρ
(6.5)
M = u/a
dρ
ρ
= −M2 du
u
(6.6)
(6.2)
du
u
=
1
M2 − 1
dA
A
(6.7)
(6.6)
dρ
ρ
= − M
2
M2 − 1
dA
A
(6.8)
(6.4)
dp
p
= − γ ·M
2
M2 − 1
dA
A
(6.9)
2 (6.1)
dT
T
= −(γ − 1) ·M
2
M2 − 1
dA
A
(6.10)
a ≡√dp/dρ = √γRT
2
da
a
=
dT
T
(6.11)
2
da
a
= −(γ − 1) ·M
2
2 · (M2 − 1)
dA
A
(6.12)
dM
M
=
du
u
− da
a
(6.13)
(6.7), (6.12)
dM
M
=
2 + (γ − 1) ·M2
2 · (M2 − 1)
dA
A
(6.14)
γ 1 γ = 5/3, γ = 7/5
(M < 1) (M > 1)
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Fig. 6.2 Mach γ = 5/3 .
(6.14) M = 1 A∗ A
M Fig. 6.2
A
A∗
=
1
M
[
2 + (γ − 1) ·M2
γ + 1
] γ+1
2(γ−1)
(6.15)
M u = 0 T0 p0 ρ0
T p ρ
T0
T
= 1 +
γ − 1
2
M2 (6.16)
p0
p
=
(
1 +
γ − 1
2
M2
) γ
γ−1
(6.17)
ρ0
ρ
=
(
1 +
γ − 1
2
M2
) 1
γ−1
(6.18)
α M
sinα =
1
M
(6.19)
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6.1.1 Hagena equation
Laval
Hagena 58
N Hagena Γ∗
N = 33 ·
(
Γ∗
1000
)2.35
(103 < Γ∗ < 104) (6.20)
Hagena Γ∗ P T0 Φ α
k
Γ∗ = k · P [mbar]
(T0[K])2.29
·
(
0.74 · Φ[µm]
tanα
)0.85
(6.21)
k =


1646 Ar
2890 Kr
5554 Xe
(6.22)
N Rws Rcl
59
Rcl = N
1/3 ×Rws (6.23)
Table 6.1 .
Ar Kr Xe
Rws [nm] 0.240 0.257 0.273
k
Γ∗ < 105
60 T0, Φ, α Hagena Γ
∗∗ (6.25)
N
Γ∗∗ = k · P [mbar]
(T0[K])2.3
·
(
0.74 · Φ[µm]
tanα
)0.8
(Γ∗∗ < 105) (6.24)
N = exp[−12.83 + 3.51 × (ln Γ∗∗)0.8] (6.25)
(6.23)
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6.2 Xe
Hagena ( (6.25))
0.5 mm 1 mm
Xe Fig. 6.3
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2 × 104 mbar Xe 10
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6.3
X X µm
I [W/cm2]
X = 0 µm 1 × 1019 W/cm2
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Fig. 6.4 .3
I X
I =
5.0× 1021
π
·
[
12.572 + 1.16932 ×
(
0.8 ·X(µm)
12.57 · π
)2]−1
(W/cm2). (6.26)
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6.3.1 Xe
250 µm X
9× 1018 W/cm2 1× 104 - 4× 104 mbar
8 nm 17 nm Xe
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Fig. 6.5 , 9 × 1018 W/cm2. (a) RCl=8 nm; (b) RCl=12 nm; (c)
RCl=13 nm; (d) RCl=15 nm; (e) RCl=16 nm; (f) RCl=17 nm.
3
Fig. 6.5 12 nm Xe K X
X
X 12 - 17 nm 8 nm
Xe K X Xe K X X
57
X Maxwell Fitting
45
f(E) =
Ae
Te
1.5 ·
√
E · exp(−E/Te), (6.27)
E X Ae X Te Maxwell
Fitting Table 6.2
Table 6.2 X .3
Cluster radius (nm) 8 12 13 15 16 17
Temperature (keV) 9.6 16.2 16.8 11.8 12.3 13.5
Ae/10
8 in Eq. (6.27) 0.9 2.1 2.4 2.2 2.1 2.3
12 nm 10 keV 8 nm
10 keV
Xe K X Xe K
Xe K 35 keV
12 nm Xe K X
58
500 µm
5× 1018 W/cm2 Fig. 6.4 12 nm 13 nm
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Fig. 6.6 , 5× 1018 W/cm2.3
Xe K X 12 nm 6.5× 105 sr−1, 13 nm 6.2× 105 sr−1
Fig. 6.6 Te X
Ae 12 nm 8.2 keV 1.5× 108, 13 nm 9.1 keV 1.7× 108
9× 1018 W/cm2
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9× 1018 5× 1018 W/cm2
Fig. 6.7 9× 1018 W/cm2 5× 1018 W/cm2
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Fig. 6.7 9× 1018 W/cm2 5× 1018 W/cm2.3
8 nm 12 nm Xe K X 12 - 17 nm
10 - 30 nm X
δ 61
δ =
c
√
γ
ωp
= 5.31× 105 ·
√
γ
ne[cm−3]
[cm], (6.28)
γ =
√
1 + 3.613 × 10−19 · I[W/cm2] · λ2[µm2], (6.29)
c: γ:Lorentz ωp: ne: I: λ:
3.5× 1023 cm−3 9× 1018 W/cm2
12 nm Fig. 6.7 X
CTMC Ar K X
X 30 nm
(7.4 ) CTMC
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6.3.2
J-
KAREN
Fig. 6.8
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Fig. 6.8 .3
I(X) =
4× 1021
π
[
9.38132 + 1.33932 ×
(
0.8× (X − 68.385)
9.3813 · π
)2]−1
[W/cm2] (6.30)
1× 1019 W/cm2
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X=-2000 µm Fig. 6.8 2 × 1017
W/cm2 Xe 13 nm
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13 nm Xe K X Fig.
6.10 9 × 1018 5 × 1018 W/cm2 Xe K X
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Peak laser intensity, x 1018 W/cm2
Fig. 6.10 : 13 nm.3
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6.4
•
•
• 4× 104 mbar 17 nm Xe
• Xe 9 × 1018 W/cm2
Xe 8 nm 9.6 keV X
Xe K X 2.0× 105 sr−1 12 nm
16.2 keV X Xe K X 6.7 × 105 sr−1
15 - 17 nm 11.8− 13.5 keV Xe K X
(5.6− 7.7)× 105 sr−1 12 nm
• 5× 1018 W/cm2 12
nm 8.2 keV Xe K X 6.5× 105 sr−1 13 nm 9.1
keV Xe K X 6.2 × 105 sr−1
• 2× 1017 W/cm2 4 keV Xe
K X Xe K X
2× 1017 5× 1018 W/cm2
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762–64
Classical Trajectory Monte
Carlo Simulation Model, CMTC CMTC
Deiss Ar
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X
7.1
7.1.1
7.1.1.1
1
1 hν
Ip
(Fig. 7.1 )
Ip hν
Ip
hν
Ip < 2hν
Ip
hν
hν
Fig. 7.1 .
7.1.1.2
I E
65
Fig. 7.2 .
E[V/m] = 2.746 × 103
√
I[W/cm2] (7.1)
(7.1) I = 6.5× 1014 W/cm2 E = 7× 1010 [V/m]
Fig. 7.2
Ammosov Delone Krainov ADK
66 WADK
WADK = ωA · C2n∗ · f(l,m) · Ip
[
3 ·E
π · (2 · Ip)3/2
]1/2
×
[
2 · (2 · Ip)3/2
E
]2n∗−|m|−1
· exp
[
−2 · (2 · Ip)
3/2
3 · E
]
(7.2)
Cn∗ =
(
2e
n∗
)n∗
· 1
(2πn∗)1/2
(7.3)
f(l,m) =
(2l + 1) · (l + |m|)!
2|m| · |m|! · (l − |m|)! (7.4)
n∗ = Z · (2 · Ip)−1/2 (7.5)
ωA: (= 4.1 × 1016 [s−1]) Ip:
E l m Z
I
I[W/cm2] ≥ 4.0 × 109 · Ip
4[eV]
Z2
(7.6)
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γ67
γ =
√
Ip [eV ]
2 · Up [eV ] (7.7)
γ ≥ 1
γ ≤ 1
Up λ I
Up[eV] = 9.34 × I[1014W/cm2]× λ2[µm2] (7.8)
7.1.1.3
Ee (eV)
We Lotz
68
We = ai · qi · ln(Ee/Ip)
Ee · Ip (7.9)
ai = 4.5× 10−14 [cm2 · eV2], qi i
Ee Ip
t i N(i, t) t+ dt N(i, t+ dt)
N(i, t+ dt) = N(i, t) + [W (i− 1, t) ·N(i− 1, t) −W (i, t) ·N(i, t)]dt (7.10)
W (i, t) t i (i+1)
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7.1.2 X
Appendix .E
X Fig. 7.3
Fig. 7.3 X .
Te Maxwell m
n Cmn[s
−1]69
Cmn = 1.58 × 10−5 · ne · fmn · Te−1/2 · Emn−1 · exp(−Emn/Te) ·Gmn (7.11)
fmn = 1.96 · qn
4 · qm2
n5 ·m3 ·
[
qn
2
n2
− qm
2
m2
]−3
(7.12)
Gmn = 0.19 ·
[
1 + 0.9 ·
[
1 +
n · (n−m)
20
[
1 +
(
1− 2
Z
)
· Emn
Te
]]
· exp
(
Emn
Te
)
·Ei
(
Emn
Te
)]
(7.13)
m n Emn m n
ne qm m qn n
fmn: Gmn:Gaunt
Ei(z) =
∫
1
∞ exp(−zx)
x
dx (7.14)
68
Ei(z)
70
Iz,n Lotz ( (7.9)) Maxwell-Boltzmann
68
Iz,n = 3× 10−6 · ne · Ei(Ez,n/Te)
Ez,n ·
√
Te
(7.15)
z n Ez,n n
Te ne
X
Ez,n Emn
X ,
X 71
Jffdν
∗ =
32π
3
·
(
2π
3mekBTe
)1/2
· Z
2e6
mec3
× ni · ne · exp
(
− hν
∗
kBTe
)
dν∗ [erg/cm3/s] (7.16)
ν∗: h
X exp[−hν∗/(kBTe)]
X Te
69
7.2
Ditmire Drude
34, 72
Appendix E
73
∂U
∂t
=
1
4π
−→
E · ∂
−→
D
∂t
=
1
4π
−→
E · ∂(ǫ ·
−→
E )
∂t
(7.17)
U : t
−→
E
−→
D :ǫ
−→x −→E = [(E · eiωt + E∗ ·
e−iωt)/2] · −→x
∂U
∂t
=
1
4π
−→
E · ∂
−→
D
∂t
=
ω
8π
Im[ǫ] · |E|2 (7.18)
E
74 E0
E =
3
|2 + ǫ| · E0 (7.19)
Drude ǫ
ǫ = 1− ωp
2
ω · (ω + i · ν) (7.20)
ν ωp ω
∂Ue
∂t λ I
Appendix G.1
∂Ue
∂t
[MeV/ps/electron] = 3.52 × 9 · (ν/ω)
(ne/ncr − 3)2 + 9(ν/ω)2 × λ[µm]× I[10
16W/cm2] (7.21)
ne ncr
ne = 3 · ncr
Fig. 7.4 ν ω
0.5 1 2 3 (ne = 3ncr)
ν ν
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ν
ν vosc vkt
75
E vosc = e ·E/(meω)
Te vkt =
√
3kBTe/me (kB me ) 2
ν =
4
9
(
2π
3
)1/2 Z2e4ni
me1/2(kBTe)3/2
ln Λ vkt ≫ vosc (7.22)
ν =
16Z2enimeω
3
E0
3
(
ln
[
eE0
2meωvkt
]
+ 1
)
ln Λ vkt ≪ vosc (7.23)
Z ni ln Λ
r
∂2r
∂t2
=
3
nimir
·
(
nekBTe +
Q2e2
8πr4
)
(7.24)
Q mi
71
∂Te
∂t
= −2Te
r
∂r
∂t
(7.25)
Kesc
WFS
WFS =
2
√
2πne
(me · kBTe)1/2
(Kesc + kBTe) exp
[
−Kesc
kBTe
]
×


λe
4r (12r
2 − λe2) λe < 2r
4r2 λe > 2r
(7.26)
Kesc =
(Q+ 1)e2
r
(7.27)
λe Spitzer
76
λe =
(kBTe)
2
4πne(Z + 1)e4 ln Λ
(7.28)
(7.2)
Te Ico
Ico =6.7 × 107 · ne × ai · qi
Ip · (kBTe)1/2
∫ ∞
Ip/kBTe
e−x
x
dx
=
6.7 × 107 · ne · ai · qi
Ip · (kBTe)1/2
· Ei(kBTe/Ip) (7.29)
Ei(z) (7.14) qi i ai = 4.5× 10−14 [cm2 · eV2]
vosc
Ilas (Appendix G.2 )
Ilas =
ne
2
· aiqi
πIp
·
(
1
meUp
)1/2
×
[(
3− Ip
Up
+
3
32
Ip
2
Up
2
)
ln
[
1 +
√
1− Ip/(2Up)
1−√1− Ip/(2Up)
]
−
(
7
2
− 3
8
Ip
Up
)√
1− Ip
2Up
]
(7.30)
Up (7.8)
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7.3
3 ne =
3ncr) K
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7.3.1 Ar
Ar 1 X
1× 1015 - 1× 1018 W/cm2 60 fs
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Fig. 7.5 Ar : 2 - 5 nm.
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Fig. 7.6 Ar : 6 - 9 nm.
X
6 nm 1× 1016 W/cm2 X
5 nm 7× 1015 W/cm2 9 nm 2× 1017
W/cm2 X
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7.3.2 Kr
Kr 2 × 1017 W/cm2
60 fs 5 nm
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Fig. 7.7 Kr .
(7.2), (7.29)
(7.30) Fig. 7.7
t = 0 fs
t = −70 ∼ −60 fs Kr+13
t = 0 fs Kr+15
t = 50 fs
+13 - +17
Kr
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7.3.3 Xe
Xe K X
60 fs 6.67×1018
W/cm2 300 fs 1.67 × 1018 W/cm2
K X
60 fs 6 nm K
Xe K X 8 nm Xe K X
(Fig. 7.8) 300 fs nm
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6.67 x 1018 W/cm2 
         (60 fs)
1.33 x 1018 W/cm2 
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7.4 (CTMC )
(Classical Trajectory Monte Carlo)
CTMC ,
65, 77
~EL(t)
~EL(t) = E0 · sin(ωt) · sin2
(
πt
2
√
2τ
)
· ~x (7.31)
t E0 ω τ ~x
~Emean(r, t) Poisson
Langevin
Fig. 7.10 CTMC .
me
∂2~r
∂t2
= −e ~EL(t)− e ~Emean(r, t) + ~Kstoc
(
r,
∂r
∂t
, t
)
(7.32)
mi
∂2~r
∂t2
= q(t) · ~EL(t) + q(t) · ~Emean(r, t) (7.33)
me ~r e ~Kstoc
mi q(t)
~Kstoc(r,
∂r
∂t , t) - Salvat
78
- Nambu 79
∆t Ar K X
Fig. 7.10 ~Emean(r, t)
~EL(t)
K Ar K
X
77
w0 Ith I Ar
Ar K X
τ
Effective Volume Veff (Appendix H ) Ar
10-5
10-4
10-3
10-2
1 10 100 1000
P=100 (mJ)
P=50 (mJ)
P=20 (mJ)
Pulse width:40 fs
Beam radius (µm)
Ef
fe
ct
iv
e 
V
o
lu
m
e 
(ar
b.
)
Fig. 7.11 P= 20 50 100 mJ Ith=1.4× 1015 W/cm2.
Veff =
(πw0
2)2
λ
[
2
9
(
I
Ith
− 1
)3/2
+
4
3
(
I
Ith
− 1
)1/2
− 4
3
arctan
(
I
Ith
− 1
)1/2]
(7.34)
w0 I Ith Ar K X
Fig. 7.11 40
fs Ith = 1.4 × 1015 W/cm2 P 20 50 100 mJ
I Ith w0
I Ith
Ith
CTMC Ar
65
4.3 × 1015 W/cm2 56 fs Ar+9 Deiss
Ar+12 - Ar+13
78
7.5 CTMC
Deiss CTMC
56 fs
100 nm
7.5.1 X
X
80
Fig. 7.12 Ar K X .65
CTMC Ar K X
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Fig. 7.13 Ar K X .65
Ar 1 X PK I N =
2.8 × 105 61 fs X PK
Fig. 7.13 X PK
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7.5.2 X
Ar K X 65
N 3.7 × 104 I 2 × 1014 − 3 × 1016 W/cm2
τ 56 fs 140 fs 570 fs CTMC
56 fs
, 140 fs , 570 fs Fig. 7.14
Fig. 7.14 Ar K X 56 140 570 fs.65
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7.5.3 Ar K X
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7.6
7.6.1 X
6 Xe Xe K X
Xe K X 8 nm Xe
9× 1018 W/cm2 Xe K X 2.0× 105 sr−1
Rcl δ 12 - 17 nm Xe
K X 5.7× 105 - 7.7× 105 sr−1 (Fig. 6.7 )
Xe 7 nm Xe K X
Fig. 7.8
8 nm Ar K X
1 × 1017 W/cm2 Chen 8 nm
5×1016 W/cm2 Ar K X 81
CMTC Xe K X CMTC
Ar K X CMTC CMTC 1017 W/cm2
Ar K X
30 nm( 2× 106 ) (Fig. 7.13 )
X X
CMTC Xe K X
Table 7.1 X Rcl .
Rcl ∼ δ
Rcl ≤ 7 nm ≤ δ
CTMC Rcl ∼ δ
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7.6.2 X
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X X X
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Ith
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Fig. 7.16 .
Fig. 7.16 x ,
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7.6.3
Kr Fig. 4.14 Three stage
2 × 1017 W/cm2 40 fs
X +26 Kr Ne
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7.6.5
K X
Up
(Appendix E.4)
Up = 9.3 × 10−14I · λ2 (7.37)
Up eV I W/cm
2
λ µm
X K X
Up
(7.37) Table 7.2
Table 7.2 K X .
Binding energy Threshold laser intensity
of K-shell by ponderomotive by measurement
(keV) potential (W/cm2) (W/cm2)
Ar 4 7 ×1016 2.9 ×1015 65, 77
Kr 14 2 ×1017 ≤ 2 ×1016 13
Ar K X 7 ×1016 W/cm2
Kr K X 2 ×1017 W/cm2 Prigent 65, 77 Ar K X
2.9 ×1015 W/cm2 Issac 13 2 ×1016 W/cm2 Kr K X
K X
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AFig. A.1 .
He
Van der Waals binding
74%
Xe, Kr, Ar, Ne
R 2
(Lennard-Jones potential)U(R) 84
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Table A.1 .
ǫ σ
(A˚) (K) (eV) (erg) (A˚)
Ne 3.13 24 21.56 50× 10−16 2.74
Ar 3.76 84 15.76 167× 10−16 3.40
Kr 4.01 117 14.00 225× 10−16 3.65
Xe 4.35 161 12.13 320× 10−16 3.98
U(R) = 4ǫ×
[( σ
R
)12
−
( σ
R
)6]
(A.1)
ǫ, σ erg, A˚
N Utotal
Utotal = 2Nǫ×
[
Σi 6=j
(
σ
ri,jR
)12
− Σi 6=j
(
σ
ki,jR
)6]
(A.2)
R, ri,jR i, j
R0
dUtotal
dR
= −2Nǫ×
[
12
R0
13 · Σi 6=j
(
σ
ri,j
)12
− 6
R0
7 · Σi 6=j
(
σ
ri,j
)6]
= 0 (A.3)
2
Σi 6=j
(
1
ri,j
)12
= 12.13188 (A.4)
Σi 6=j
(
1
ri,j
)6
= 14.45392 (A.5)
2 (A.3)
R0
σ
=
(
12.13188 × 12
14.45392 × 6
)1/6
= 1.09 (A.6)
σ
1.09 Table A R0/σ
1.10
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N=13, 55, 147,
Nmagic
86
Nmagic =
1
3
(10K3 − 15K2 + 11K − 3) (K = 2, 3, · · · ) (A.7)
N
Ip(N) Ip(∞) Table A A
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Ip(N) = Ip(∞) +A ·N−1/3 (A.8)
Table A.2 .
Ar Kr Xe
A (eV) 1.20 1.10 1.41
109
B (OPCPA)
λpump, kpump
)λsignal,ksignal λidler, kidlar
1
λpump
=
1
λsignal
+
1
λidlar
(B.1)
kpump = ksignal + kidlar (B.2)
OPCPA
Fig. B.1 .
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E(t) =
E0
π
· exp
(
− t
2
2τ2
)
· exp (−iωLt) (C.1)
E(ω)
E(ω) =
1
(2π)1/2
∫ ∞
−∞
E(t) · exp(iωt)dt = E0 · exp
(
−τ
2(ω − ω0)2
2
)
(C.2)
I(t) = E(t) ·E∗(t), I(ω) = E(ω) ·E∗(ω) ∆t
∆ω
∆t = 2τ
√
ln 2 (C.3)
∆ω = 2
√
ln 2
τ
(C.4)
∆t ·∆ω = 4 ln 2 ∼ 2.77 (C.5)
(C.5) τ
∆ω
2.77
111
DTable D.1 .38
(A˚)
(Si) 3.135 111
(Ge) 3.266 111
(InSb) 3.709 111
(PG) 3.354 0002
(LiF) 2.014 200
α- (SiO2) 3.336 1010
(EDDT) 4.402 020
(ADP) 5.324 101
(PET) 4.38 002
(TAP) 12.88 001
(RAP) 13.06 001
(KAP) 13.316 1010
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EE.1
Fig. E.1 .
Q
−→
E
−→
F = Q
−→
E
X X
(Fig. E.1 )88
Ka
Ka = 3.05 × 10−54 × z
2 · ni · ne · ln Λ · (λ0[µm])2
(Te[keV])3/2 · (1− ne/ncr)1/2
[cm−1] (E.1)
z: , ni: , ne: , Te: , ln Λ:
ne = ncr Te
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Fig. E.2 .
E.2
θ
L
P
(Fig. E.2 )88
ω c
(
ω · L
c
)1/3
· sin θ = 0.8 (E.2)
E.3
(Fig. E.3 ) 89
I (I > 1018 W/cm2)
E.4
me E0 ω0 e
v t
me
dv
dt
= eE0 sinω0t (E.3)
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Fig. E.3 .
dx
dt
=
eE0
meω0
cosω0t (E.4)
Up =
me
2
[
dx
dt
]2
Ave
=
e2E0
2
4meω02
(E.5)
I
I = ǫcE0
2 (E.6)
ǫ c
Up[eV] = 9.3× 10−14I[W/cm2]λ2[µm] (E.7)
E.5
90
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= me
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∂−→v
∂t
+ (−→v · ∇)−→v
]
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−→v os −→v
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−→v = −→v os + δ−→v (E.9)
me
∂−→v os
∂t
= −e−→E (E.10)
me
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(E.12)
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(−→a 2
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(E.17)
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90
a0 = 0.85 × 10−9 · λ[µm] · I1/2[W/cm2] (E.18)
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∂t2
+ ωp
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me
∇ · −→Fp (E.19)
vp η ≡ x− vpt
φp, kp = ωp/vp
∂2φ
∂η2
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2φ = −kp2φp = kp2mec2a02/(2e) (E.20)
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C(η), S(η)
C(η) = 1− Re
[
erf
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η√
2σx
− ikpσx√
2
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(E.25)
S(η) = Im
[
erf
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2σx
− ikpσx√
2
)]
(E.26)
erf(y)
erf(y) ≡ 2√
π
∫ y
0
exp(−y`2)dy` (E.27)
ψ ≡ kpx− ωpt xR C(η) ∼ 2, S(η) ∼ 0
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× exp
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F∂
∂t
n(N) = n(N − 1) ·R+(N − 1)− n(N) ·R+(N)− n(N) ·R−(N) + n(N + 1) ·R−(N + 1) (F.1)
R+(N) N N + 1
R−(N) N N − 1
neq(N) ,
neq(N) ·R+(N) = neq(N + 1) · R−(N + 1) (F.2)
neq(N)
neq(N) ∼ neq(1) exp
(
−G(N)
kBT
)
(F.3)
(F.2) R−(N + 1)
R−(N + 1) =
neq(N)
neq(N + 1)
R+(N) = exp
(
−G(N)−G(N + 1)
kBT
)
R+(N) (F.4)
(F.1)
∂
∂t
n(N) =
∂
∂N
[
R+(N)
(
1
kBT
dG(N,T )
dN
n(N, t) +
∂
∂N
n(N, t)
)]
(F.5)
J(N) = Js=Const.
Js =
[
R+(N)
(
1
kBT
dG(N,T )
dN
n(N, t) +
∂
∂N
n(N, t)
)]
(F.6)
n(N) = Js exp
[
−G(N)
kBT
] ∫ ∞
N
exp(−G(Nx)/(kBT ))
R+(Nx)
dNx (F.7)
G(Nx) R+(Nx) R+(Nx)
G(Nx) = G(Nc) +
1
2
d2G
dN2
|Nc(Nx −Nc)2 +
1
6
d3G
dN3
|Nc(Nx −Nc)3 + · · · (F.8)
(F.7)
n(N) ∼ Js · exp
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−G(N)
kBT
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· exp(G(Nc)/(kBT ))
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×
∫ ∞
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exp
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1
2kBT
d2G
dl2
|Nc(Nx −Nc)2
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dNx (F.9)
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−∞
exp(−ay2)dy =
√
π
a
(F.10)
(F.9)
n(N) ∼ Js
R+(Nc)
exp
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G(Nc)−G(N)
kBT
]√
− 2πkBT
G(2)(Nc)
(F.11)
N = 1, G(N) = G(1) = 0 Js
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GG.1
ǫ Drude
ǫ = 1− ωp
2
ω(ω + iν)
(G.1)
∂U
∂t
=
1
4π
−→
E · ∂
−→
D
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(G.2)
−→x −→E = [(E · eiωt +E∗ · e−iωt)/2] · −→x
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ǫ ·
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16π
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3
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(G.4), (G.5), (G.6) (G.3)
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8πncr
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2 (G.9)
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2] ,
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